Several starch-hydrolyzing strains of Lactobacillus Beijerinck 1901 were isolated from cattle waste-corn fermentations. The isolates were facultatively anaerobic, gram-positive, nonmotile, nonsporeforming, rod-shaped organisms that grew singly and in short chains, produced lactic acid and small amounts of acetic acid but no gas from glucose, and did not exhibit oxidase-, catalase-, or nitrate-reducing activities. Growth occurred at 45°C but not at 15°C. m-Lactic acid was synthesized from glucose. An extracellular amylolytic enzyme was formed. The organisms fermented amygdalin, cellobiose, esculin, fructose, galactose, glucose, maltose, mannose, salicin, starch, sucrose, and trehalose. Some strains fermented mannitol and lactose. Arabinose, gluconate, melezitose, melibiose, raffinose, rhamnose, ribose, and xylose were not fermented. The average guanine-plus-cytosine content of the deoxyribonucleic acid was 40.4 mol%. Reassociation values of 15% or less were obtained with the deoxyribonucleic acids of the starch hydrolyzers and those of the type strains of Lactobacillus acidophilus (Moro) Hansen and Mocquot 1970; Lacto bacillus jensenii Gasser, Mandel, and Rogosa 1970; and Lactobacillus leichmanii (Henneberg) Bergey et al. 1923. The new species was differentiated from the three recognized species on the basis of starch fermentation, vitamin requirements, guanine-plus-cytosine contents, and stereoisomerism of lactic acid produced. It was concluded that these organisms represent strains of a hitherto unrecognized species for which the name Lactobacillus amylouorus is proposed. The type strain of L. amylouorus is NRRL B-4540.
HzO, 0.05 g; and Na2HP04, 2.0 g. Nitrate reduction, growth in 8% NaCl, susceptibility to sodium dodecyl sulfate, effect of incubation temperature, and effect of initial pH were determined in this medium. Nitrate reduction was also determined in indole-nitrite medium which contained Trypticase (BBL Microbiology Systems), 20.0 g; NazHP04, 2.0 g; glucose, 1.0 g; and KNOa 1.0 g; in 1 liter of distilled water. According to Rogosa (24) , some lactobacilli reduced nitrate in this medium.
To study the effect of incubation temperature, preincubated sterile culture medium in screw-capped test tubes was inoculated and incubated in a water bath adjusted to the desired temperature. The capacity to grow under anaerobic conditions was determined in freshly prepared broth in screw-capped test tubes. The medium was cooled, inoculated, covered with a 3-cm layer of sterile mineral oil, sealed tightly, and incubated at 37°C. For all tests, the inoculum was 1 drop of culture grown for 24 h at 37°C in modified MRS broth. For determining oxidase (38) and catalase activities, and for morphological studies, the organisms were cultured on the modified medium solidified with 1.5% agar.
Glucose fermentation was determined in the modified MRS broth to which was added 0.0016% bromocresol purple. Other fermentation tests required the replacement of glucose with the appropriate sugar. Pentoses were sterilized separately by filtration and added to the sterile broth. Durham tubes were used when glucose or gluconate was the test substrate. Inoculum for the fermentation tests was grown for 24 h in modified MRS broth at 37°C. The cells were collected by centrifugation at 4"C, washed with sterile 0.85% saline, and resuspended in sterile saline. One drop of inoculum per tube was used.
A gas chromatographic procedure (2) was used to analyze qualitatively the acids present in the cell-free liquors of cultures grown for 4 days in deep-liver broth (10) at 37°C. Deep-liver broth was an acetate-free medium that supported good growth of the organism. This procedure was capable of detecting acetic acid at concentrations as low as M.
Vitamin requirements. Vitamin requirements were studied by the method of Ford et al. (7) and Rogosa et al. (28) . Commercially prepared pancreatintreated casein (Casitone, vitamin-free) was used. Treatment with a modification of the method of Roberts and Snell(23) prepared the Casitone for use; each adsorption with 1.5 times the prescribed amount of Darco G-60 charcoal was repeated three times.
Determination of the optical activity and quantity of lactic acid. Cultures were grown for 48 h at 37°C in 1 liter of modified MRS broth which contained either 1% glucose or soluble starch. To prepare samples for assay, 15 ml of culture liquor was centrifuged at 10, OOO X g for 15 min a t 4"C, and the resulting supernatant was deproteinized by titration with NaOH to pH 7.6 in the presence of 2.5% ZnSO4 (16) . The precipitate was removed by centrifugation at 4"C, and the supernatant was analyzed. Beef heart L-(+)-lactic dehydrogenase (EC 1.1.1.27) and L. Zeichmmiz D-(-)-lactic dehydrogenase (EC 1.1.1.28) were used for assessing the stereoisomerism of the lactic acid produced by the starch-hydrolyzing isolates. (Both enzymes were purchased from the Boehringer Mannheim Corp., New York, N.Y.) The method used was that of Latorre-Guzman et al. (16) . The assay mixture consisted of 0.1 ml of enzyme (50 pg) solution, 2.0 ml of pH 9.5 glycine-hydrazine sulfate buffer (7.5% glycine, 5.2% hydrazine sulfate, 0.2% sodium ethylenediaminetetraacetate, and 4.0% NaOH), 0.1 ml of 56 mM nicotinamide adenine dinucleotide solution, 0.1 ml of appropriately diluted sample, and 0.7 ml of distilled water. Uninoculated broths with and without L-(+)-and D-(-)-hthiUm lactate were used as controls. The above-mentioned enzymes showed specificity for their respective substrates. Substrate utilization, indicated by nicotinamide adenine dinucleotide reduction, was monitored at 340 nm in a Unicam dual-beam recording spectrophotometer.
For quantitative determinations, the amounts of enzyme and nicotinamide adenine dinucleotide were increased to 200 pg and 7.5 pnol, respectively, to ensure total oxidation of the lactic acid. The reaction mixture was incubated for 45 min at 37"C, and the increase in optical density at 340 nm was recorded. An extinction coefficient value of 6.22 X lo6 M-' cm-' was used to calculate the amount of nicotinamide adenine dinucleotide reduced. The amount of lactic acid equaled this calculated amount.
DNA base composition and reassociation.
DNA was extracted and purified by a modification of Marmur's method (18) . The modification involved the use of hydroxyapatite (Bio-Gel HTP, Bio-Rad Laboratories) chromatography (17) to produce highly purified DNA preparations. The purity and quality of each DNA preparation were checked by monitoring the absorbancy ratio at 260/280 nm (1.8 to 1.9) and at 260/230 nm (2.0 to 2.3) (according to Marmur [18] ) and by the melting curves, which include hyperchromicity values from 38 to 40% (19) .
The guanine-plus-cytosine (G+C) content of the DNA was estimated by the buoyant density method (32) . Buoyant density of the DNA was measured by CsCl density gradient centrifugation in a Beckman model E ultracentrifuge. "Micrococcus Zysodeikticus"
(not on the Approved Lists of Bacterial Names, 1980 [37] ) DNA served as an internal standard.
In preparation for renaturation studies, native double-stranded DNA was sheared by two passages through a French pressure cell at 10, OOO lb/in2. After filtration through a 0.45-pm-pore size Millipore membrane, the sheared DNA solution was dialyzed exhaustively against 0.001 M EDTA solution containing 5 ml of SSC (0.15 M NaCl-0.015 M trisodium citrate, pH 7.0) per liter. After dialysis, the DNA solution was freeze dried. The dried material was redissolved in 2 ml of double-distilled water.
The kinetics of DNA renaturation was measured in reaction mixtures that contained 0.3 ml of 1 0~ SSC, 0.2 ml of dimethyl sulfoxide, approximately 75 pg of DNA, and double-distilled water to bring the volume to 1 ml. In reaction mixtures containing two different DNAs, the concentrations (about 37.5 pg) of the nucleic acids were adjusted to differ by no more than 0.15 pg. The reaction mixtures were placed in 0.4-ml quartz cuvettes that were sealed with Teflon-lined stoppers. Denaturation and renaturation were effected and monitored in a Gilford UV-VIS Thermal Analyzer System. A denaturation temperature of 90°C was obtained rapidly and held for 10 min after the hyperchromic shift at 260 nm. Subsequently, the temperature was lowered rapidly to 25°C below T,,,; the optical density at this point was taken to represent 0% renaturation (although some undoubtedly occurs). For these studies, the T, values were determined in the presence of 3X SSC and 20% dimethyl sulfoxide. The absorbance change at 260 nm was monitored until the DNA was more than 50% reassociated. All determinations were repeated three times. Percent reassociation was calculated by the equation given by Seidler and Mandel (35) .
Extracellular amylolytic activity. The organisms were grown in MRS broth modified to contain 1% soluble starch in place of glucose; CaC03 (1%) was also added. After 48 h of growth at 37"C, the cells were removed after centrifugation at 10, OOO X g for 15 min at 4°C. The supernatant (25 ml) was dialyzed overnight at 4°C against several changes of distilled water.
The amylolytic activity in the supernatant was determined in reaction mixtures that contained 2% soluble starch (Pfansteil) in 0.002 M phosphate buffer (pH 6.0), 25 ml, cell-free supernatant, 12.5 ml; and distilled water, 12.5 ml. The mixture was incubated at 37"C, and 5-ml samples were taken at indicated time intervals. After heating for 10 min at lOO"C, 1 ml of the sample was diluted and assayed for reducing sugar by the alkaline ferricyanide method (11) . Residual starch was estimated on the basis of the iodine-starch complex color. Assay mixtures contained 1 ml of appropriately diluted sample, 0.1 ml of iodine solution (0.2 g of 12 and 2.0 g of KI in 100 ml of distilled water), and sufficient distilled water to bring the volume to 10 ml. Absorbance was read at 590 n m in a Unicam dualbeam recording spectrophotometer. A linear relationship between concentration and absorbance was observed when starch levels in the sample ranged from 0.2 to 1.0 mg.
An undiluted portion of the sample (2 ml) was mixed with 8 ml of methanol. After filtration to remove the precipitate, the filtrate was evaporated to dryness. The dried material was dissolved in 0.2 ml of distilled water, and the ohgosaccharide (low molecular weight) content was assayed by chromatography on a p-Bondapak NH2 column (30 cm by 4 mm ID) in a Waters Associates ALC-100 high-pressure liquid chromatography unit. Samples were eluted with acetonitrile-distilled water (6535) solvent a t a constant flow rate of 2 ml/min. Malto-oligosaccharide standards ranging from D-glucose to maltononaose served as markers for calibrating the elution positions. Maltotriose and higher malto-oligosaccharide standards were prepared by the procedure of Taylor and Whelm (39) .
RESULTS
Morphology and physiology. All twelve isolates were gram-positive, nonsporeforming, nonmotile rods that existed singly and in short chains (Fig. 1) . The average cell measured 1.0 by 3.0 to 5.0 pm. Colonies on LBS and modified MRS agar had entire edges and were white, smooth, convex, and opaque. Clear zones of hydrolysis surrounded colonies that grew on LBScorn starch agar. The physiological properties of the starch-hydrolyzing isolates were: growth at 45OC but not at 15OC; no catalase-, oxidase-, or nitrate-reducing activities; no gas from glucose or gluconate; and both L-(+)-and D-(-)-lactic acids and small amounts of acetic acid produced 
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from glucose. Organisms with these characteristics could be tentatively classified as members of Lactobacillus (27). Other characteristics included susceptibility to 0.4% sodium dodecyl sulfate and 8% NaC1. The organisms grew under anaerobic conditions and at initial pH values that ranged from 4.5 to 8.0. Furthermore, growth failed in MRS medium that was devoid of a metabolizable sugar.
Fermentation characteristics. As is recorded in Table 1 , the starch-hydrolyzing strains actively fermented cellobiose, fructose, galactose, glucose, maltose, mannose, starch, sucrose, and trehalose. Amygdalin, esculin, and salicin were attacked slowly. The isolates can be separated into four subgroups on the basis of slow mannitol and lactose fermentations. Group 1 organisms, represented by strain B-4538, fermented both mannitol and lactose; group 2 organisms, represented by strain B-4549, fermented lactose; group 3 organisms, represented by strain B-4542, attacked mannitol; and group 4 strains, represented by strain B-4540, fermented neither sugar. Group 4 organisms were the most frequently encountered type. Arabinose, gluconate, melezitose, melibiose, raffinose, rhamnose, ribose, sorbitol, and xylose were not fermented by the isolates. A detailed study of a typical starch (soluble) fermentation is illustrated in Fig. 2 . Exponential growth commenced after a lag period of 1 h and continued for about 9 h. Concomitant with the onset of rapid growth was a rapid production of lactic acid and related decrease of the culture pH value. Maximum acid production of approximately 65 pmol/ml was achieved in about 15 h. Measurements by the iodine method revealed that 85% of the starch was utilized at 15 h. Since complete hyrolysis of 10 g of starch would theoretically yield 11.1 1 g of glucose, the equivalent amount of glucose fermented was 9.4 g or 0.052 mol. The amount of glucose converted to lactic acid was 0.5 x 0.065 mol. Therefore, 62.5% (0.032/0.052) of the glucose was fermented to lactic acid.
Lactic and acetic acids were the only acids detected by gas chromatographic analyses of the Vitamin requirements. The isolates required pantothenic acid, folk acid, nicotinic acid, and riboflavin for growth. With respect to vitamin requirements, the starch hydrolyzers were similar to L. acidophilus (28).
DNA base composition. The buoyant densities of the DNAs from the new isolates ranged from 1.6994 to 1.6996 g/cm3, which corresponded to G+C values ranging from 40.2 to 40.4 mol%. These values fall within the range reported for DNA of the Lactobacillus species subgrouped as thermobacteria (25, 27).
DNA reassociation. As shown in Table 2 , High reassociation values of 85% or more were measured for DNAs from the four starch-hydrolyzing isolates; similarly high reassociation values were found for DNA-DNA interaction for two strains of L. acidophilus. Studies have shown that organisms with reassociation values exceeding 70% belong to the same species (14).
Extracellular amylolytic activity. As illustrated in Fig. 3 , treatment of soluble starch with cell-free culture liquor of strain B-4540 caused rapid decrease of the starch-iodine complex color and a concomitant increase of reducing sugar.
Chromatographic analysis of a 7-h sample of the reaction mixture revealed that maltose, maltotriose, maltotetraose, and maltopentaose constituted the bulk of the oligosaccharide produced (Fig. 4) . No oligosaccharides were observed in the 0-h sample.
These evidences demonstrated clearly the presence of amylolytic enzyme activity in the culture liquor of strain B-4540. Starch-degrading activity was detected in the culture liquor of all 12 isolates. 
DISCUSSION
The morphological and physiological characteristics of the starch-hydrolyzing bacteria isolated from cattle waste-corn fermentations suggest that these organisms belong to the family Lactobacillaceae Winslow et al.
(1). The organisms are facultatively anaerobic, gram-positive, nonmotile, nonsporeforming, rod-shaped cells that grow in short chains, produce large quantities of lactic acid and small amounts of acetic acid but no gas from glucose, have requirements for a number of vitamins, and do not exhibit oxidase-, catalase-, or nitrate-reducing activities. These features are typical of the homofermentative Lactobacillus species (27, 30) and are clearly different from those of the other genera of the family, namely, Listeria Pirie 1940, Erysipelothrix Rosenbach 1909, and Caryophanon Peshkoff 1939; the latter are coccoidal, tend to form fdaments, and are aerobic, respectively (9, 33, 34).
The ability to grow at 15°C is a criterion that differentiates between the homofermentative lactobacilli subgrouped as streptobacteria and thermobacteria (27, 30). Whereas the streptobacteria grow at 15°C and even at 5 to 7"C, thermobacteria do not; streptobacteria may or may not grow at 45OC, and the thermobacteria always do. Furthermore, most streptobacteria ferment gluconate to acid and gas, and ribose to acid; thermobacteria do not ferment these substrates (25, 30) . On the basis of the results obtained, the new isolates can be classified as thermobacteria.
In general, the sugar fermentation patterns of the starch hydrolyzers are very similar to those of L. acidophilus, L. leichmanii, and L. jensenii (27) . However, the ability of all of the new isolates to ferment starch strongly and of some to ferment mannitol slowly distinguishes them from the three recognized species. Moreover, the G+C contents of L. leichmanii (50.8 mol%) and L. jensenii (36.1 mol%), their vitamin requirements, and their synthesis of D-(-)-lactic acid definitely differentiate them from the new isolates, which have G+C contents of about 40.0 mol% ( Table 3) . Finally, the low relatedness of their DNAs (Table 2) indicates that the new isolates are genetically unrelated to the type strains of L. leichmanii and L. jensenii.
In addition to the overall similarity of their carbohydrate fermentation patterns, the new isolates and L. acidophilus also have in common the ability to synthesize m-lactic acid and the requirement for riboflavin, nicotinic acid, folic acid, and panthothenic acid for growth ( Table  3 ). In spite of these phenotypic similarities, the differences in the G+C contents of their DNAs and especially the low DNA relatedness ( Table  2 ) indicate strongly that the new isolates and L. acidophilus are separate species.
A starch-hydrolyzing lactobacillus isolated from swine waste-corn fermentations has been proposed as a new species, L. amylophilus (20) . As shown in Table 3 , the synthesis of L-(+)-instead of m-lactic acid, growth at 15°C but not at 45"C, a G+C content of 44.4 mol% compared to 40.4 mol%, and the inability to ferment lactose, mannitol, sucrose, and trehalose differentiate L. amylophilus from the new isolates. The low relatedness of their DNAs (see Table 2 ) further substantiates that these two starch-hydrolyzing organisms are not highly related genetically and hence belong to different species.
The new isolates are distinctly different from the lactic acid bacteria of the family Streptococcaceae Deibel 4, 15) .
Also, classification of the new isolates as a Bifidobacterium species is ruled out because members of this genus tend to be strict anaerobes, produce acetic as well as L-(+)-lactic acid in a 3:2 ratio, have G+C contents of 59 to 70 mol%, and exhibit highly variable morphology (26).
It is believed that the evidence presented herein justifies recognition of the starch-hydrolyzing Lactobacillus strains as belonging to a new species, for which the name Lactoba- Agar colonies: white, convex, smooth, circular, entire, opaque.
Broth: turbid, clearing after a few days due to settling of cells.
Acid is produced from cellobiose, fructose, galactose, glucose, maltose, mannose, sucrose, starch, and trehalose. Amygdalin, esculin, and salicin are fermented slowly. Arabinose, gluconate, melezitose, melibiose, raffinose, rhamnose, ribose, sorbitol, and xylose are not fermented. No gas is produced from glucose or gluconate. Catalase and oxidase are not produced. Nitrate is not reduced to nitrite. Growth factor requirements: nicotinic acid, pantothenic acid, folic acid, and riboflavin are essential for growth. Thiamin is not required.
Facultatively anaerobic. Temperature relations: optimum, 37 to 45°C. Minimum, 20 to 25°C. Maximum, between 45 and 50°C.
DNA: buoyant density, 1.6996 g/cm3. G+C content, 40.4 mol%.
Distinctive characteristic: metabolizes starch and produces an extracellular amylolytic enzyme.
Source: cattle waste-corn fermentation.
